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I n t r o d u c t i o n  

S ince  March 1973 a feedback damping system has  been used t o  c o n t r o l  

t h e  v e r t i c a l  t r a n s v e r s e  i n s t a b i l i t y  p re sen t ,  below t h e  t r a n s i t i o n  energy 

of  M 8 GeV, dur ing  normal ope ra t ion  of t h e  Brookhaven AGS a t  i n t e n s i t i e s  

g r e a t e r  t han  M 4.5 x 10 Approximately one yea r  l a t e r  p rov i s ion  

w a s  a l s o  made t o  damp a n . i n c i p i e n t  i n s t a b i l i t y  i n  t h e  h o r i z o n t a l  p lane  

which, cou ldna r i se  a t  somewhat h igher  i n t e n s i t i e s .  Both systems a re  essen-  

t i a l  t o  t h e  ope ra t ion  of t h e  AGS>at high i n t e n s i t i e s  i . e .  > 6 x 10 . / p u l s e .  

12 / p u l s e .  

12 

The p resen t  damping s y s t e m s . a r e  based on a pro to type  which was used 

i n  e a r l y  s t u d i e s  of t h e  t r a n s v e r s e  i n s t a b i l i t y . '  

requirements  are given i n  Ref. 1. To summarizesthe b a s i c  p r i n c i p a l ,  one 

senses  t h e  motion of  t h e  c e n t e r  of charge of t h e  beam by means of p i ck -up '  

e l e c t r o d e s .  Th i s  s i g n a l  i s  f i l t e r e d ,  ampl i f ied ,  and t r a n s m i t t e d  t o  a 

Details of t h e  des ign  

p a i r  of d e f l e c t i n g  c o i l s  l oca t ed  = 1 / 4  of  a b e t a t r o n  wavelength downstream. I 

The system i s  narrow band i n  t h a t  i t  can damp only  t h e  lower orde'r coupled 

bunch modes, n = 9,8,10 i . e .  t hose  modes where t h e  bunched beam a c t s b a s  a 

dc beam. 

For t h e s e  modes t h e  spectrum of t h e  d i f f e r e n c e  s i g n a l  w i l l ' c o n t a i n  

t h e  f r equenc ie s  (n-v)f Mfo.f (n-v)fo,  ZMfo f (n-v)fo etc., where M i s  

t h e  number of  bunches and f t h e  r o t a t i o n  frequency. I f  w e  assume t h a t  

t h e  r e s i s t i v e  w a l l  impedance i s  r e s p o n s i b l e  f o r  t h e  i n s t a b i l i t y  t h e  lowest 

frequency l i n e  w i l l  predominate. C lea r ly ,  however, s i g n i f i c a n t  antidamp- 

i n g  a t  t h e  o t h e r  f requencies  should be avoided. I f  t h e  bunches a r e  unequal 

i n .  i n t e n s i t y ,  t hen  some s i g n a l  a t  mf f (n-v)f where m = 1 t o  ( M - l ) ,  (M4-1) 

t o  (2M-1), e t c . ,  w i l l  a l s o  be  p re sen t .  These l i n e s  w i l l  a l s o  appear i f  
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any o f  t h e  bunches o s c i l l a t e  independent ly .  However, t h e  r e l a t i v e  ampli-  

t udes  would be l a r g e r  i n  t h i s  ca se .  Damping of  t h e s e  o s c i l l a t i o n s  w i l l  i n  

g e n e r a l a o t  occur s i n c e  t h e  narrow band system sees only t h e  average pos i -  

t i o n  of  a l l  t h e  bunches and hence t h e  phase of  t h e  r e s u l t a n t  s i g n a l  w i l l  

no t  be  c o r r e c t .  

0 

Desc r ip t ion  .of t h e  System 

A block diagram of  t h e  feedback damping system i s  shown.in F ig .  1. 

The cathode fo l lowers  a r e  mounted on the,vacuumachamber and c o n s i s t  o f  a 

6922 (E88CC) connected i n  p a r a l l e l  whose input  c a p a c i t y  of M 11 ppf i n  

series wi th  t h e  40 K r e s i s t o r s  forms t h e  s i n g l e  f i l t e r  i n  t h e  loop. Th i s  

a t t e n u a t e s  t h e  h igh  frequency components of t h e  bunchedrsignal  which would 

o therwise  over -dr ive  t h e  tubes  a t  high beams in tens i t i e s .  

w 380 kc provides  adequate  marginr for  s a t i s f a c t o r y  damping of  t h e  n=9 mode 

f o r  a l l  reasonable  va lues  o f  t une .  bekow t h e  t r a n s i t i o n  energy. 

A 3 a b ' p o i n t - o f  

e 

The d i f f e r e n c e  a m p l i f i e r  i s  a pA733IC opera ted  a t  a s i n g l e  ended g a i n  

of  M 28. An Analogue Devices 465. o r  K i s  u s e d . a s  a summing amplcf ie r  l i n e  

d r i v e r  so  _ t h a t  -~ t h e  o v e r a l l  - -  g a i n  __ - i s  M 55  t o  > 12 BZ-. 

c o n s i s t s  of two, 8233 tubes  i n  para l le l  g iv ing  a c u r r e n t - g a i n  of  M 82 mA/V 
to w e l l  beyond t h e  se l f - r e sonan t . f r equency  of  t h e  c o i l s  (M 4.4 MHz). 

- . - - - ___ ___ . ._ .__ __ - - 

- The c o i l  d r i v e r  

I n  t h e . < s p r i n g  of  1974 a new c o i l  assembly was i n s t a l l e d  provid ing  a 

two-turn h o r i z o n t a l  a s  w e l l  a s  a two-turn v e r t i c a l  c o i l .  The l eads  were 

brought ou t  a t  the '  upstream e n d . r a t h e r  t han  downstream and t h e  c o i l s . h a v e  

t h e  fo l lowing  dimensions. Both a re  92 i n .  long wi th  t h e  v e r t i c a l  wires 

sepa ra t ed  by 4 i n .  and, l oca t ed  a t  f 1.25 i n .  about  t h e  chamber c e n t e r  whi le  

t h e  h o r i z o n t a l  w i r e s  are separa ted  by 4.25 i n .  and are loca ted  a t  f 2 i n .  

above and below t h e  chamber c e n t e r .  On t h e  median plane then  t h e  v e r t i c a l  

co i l s ' l has  a s t r e n g t h  o f  M .11 gauss/amp and hence it can produce a . t r a n s -  

v e r s e  ~p = . B t  = .77 x 10-5. B e V / c  amp. 

v a r i e s  somewhat more wi th  t h e  r a d i a l  p o s i t i o n  of t h e  beam. We' take t h e  

average s t r e n g t h s  over a 2.5 i n . . a p e r t u r e  as .0767 gauss/amp g iv ing  a a p  = 

.54 x BeV/c amp. 

The. h o r i z o n t a l  c o i l  has  a f i e l d  t h a t  

A d i f f e r e n t i a l  g a i n  a d j u s t m e n t . i s  provided by employing a FET4in  

ser ies  wi th  a 1 K  r e s i s t o r  t o  f0rm.a  v a r i a b l e  a t t e n u a t o r  a t7each  input ,  

t o  t h e  733. An o p e r a t i o n a l  a m p l i f i e r  provides  t h e  necessary  i n v e r s i o n  

so  t h a t  a s i n g l e  i n p u t , c a n  vary  t h e  g a i n  i n  oppos i t e  d i r e c t i o n s  i n  each 

channel .  This  i s  used t o  ba lance  out  t h e  s i g n a l  due t o  a n y l o r b i t  e r r o r  
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a t s t h e  PUEi-location. For t h e  h o r i z o n t a l ,  of course,  a n u l l  can only  be 

obta ined  f o r  one p o s i t i o n  of  t h e  beam. 

programmed a s  a func t ion .o f  beam p o s i t i v e  but  t h i s  has  not  been necessary  

so f a r .  

I n  p r i n c i p a l  t h e  ga in  could be  e 
I n i t i a l l y  t h e  pick-up e l e c t r o d e s  were loca ted  a t  s t r a i g h t  s e c t i o n  B-3 

and t h e  d e f l e c t i n g  c o i l s  a t  B-10. S ince  i n j e c t i o n  i s  a t  A - 2 0 t h e  r a d i a t i o n  

w a s  r a t h e r  h igh  i n  t h e  v i c i n i t y  of t h e  d i f f e r e n c e  a m p l i f i e r  which w a s  loca-  

t e d  on t h e  AGS f l o o r  next  t o  t h e  main magnet gikdeu. 

e n t i r e  system was moved t o  A-3 and A-10 where t h e  r ad5a t ion  i s  minimal. 

S ince  t h a t  timegno component f a i l u r e  has  occurred as opposed t o  a t  least  

one-definite'malfunctioning of  a 733 i n  t h e  o ld  loca t ion .  

I n  January 1975 t h e  

System Performance 
1 The damping r a t e  of  t h e  feedback loop .can  be  w r i t t e n r a s  . where ~p i s  t h e  t r a n s v e r s e  momentum imparted by t h e  c o i l s ,  p the.beam 

momentum, v i t s  v e l o c i t y ,  t h e  b e t a t r o n  wave number, w t h e  beam angular  

frequency, 8 t h e ' a n g u l a r  s e p a r a t i o n  be tween, the  pick-up e l e c t r o d e s  and 

t h e  d e f l e c t i n g  c o i l s ,  T t h e  s i g n a l  t i m e  de l ay  between t h e s e  two p o i n t s  and 7 

f ( t - T )  t h e  average p o s i t i o n  of t h e  beam.as seen by t h e  e l e c t r o d e s .  

can a l s o  d e f i n e  cy = 2nD/wO s u c h . t h a t  any i n i t i a l  displacement  of t h e  beam 

w i l l  decay l i k e  e'cxN where N i s  t h e  number of r e v o l u t i o n s  a f t e r  t h e  p e r -  

t u r b a t i o n  (Icyl<<l I!). Fahen weicani wri te i lnvviewllof  - t h e  .above 

0 

One 
0 

where i = R / u .  

I n  t h e 6 a b o v e  equat ions  w e  have w r i t t e n  y '  t o  imply t h a t  t h e  beam pos i -  
0 

t i o n  i s  measured a t  p = a i n  a n  AG machine.. 

p r e s e n t - c a s e  w e  can w r i t e  7 
PUE l o c a t i o n .  S ince  t h e  c o i l  i s  loca ted  about  t h e  c e n t e r  of  a 10 f t  s t r a i g h t  

s e c t i o n  where p , =  p w e  can w r i t e  ( l a )  as 

I f  t h i s  i s  not  I t r u e  as i n  t h e  /z- 
= y p / p o  yo where p, i s  t h e ' v a l u e . o f  p a t  t h e  

0 

, - I 
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Now ~p = Ky 

beam . i n t e n s i t y ,  a n d . t h e  ga in  c h a r a c t e r i s t i c s  o f  t h e  e l e c t r o n i c s  inc lud ing  

where K depends upon t h e  pick-up e l e c t r o d e  s e n s i t i v i t y ,  , the  
0. * 

t h e  d e f l e c t i o n  c o i l s .  The damping r a t e  D i s  t h e n - g i v e n  by 

v s i n  cp = (2) 
D = - . -  J;;"- - K .  

' P 4IlPv. 437y"," 

where cp = [nB-(n--~)w~T] and uk =.c /R.  Also 'we can w r i t e  

K s i n  cp 
J;' 13 Po 

a = -  
- 2 P  

f o r  t h e  damping r a t e  per  r e v o l u t i o n . , .  The maximum.damping r a t e  ( s i n  9 M 1) I 

t hus  depends upon K f o r  a g iven  beam momentum p .  I f  wesignore f o r  t h e  

moment t h e  frequency c h a r a c t e r i s t i c s  of  t h e  f i l t e r  t h e n  K i s  j u s t  t h e  g a i n  

from.pick-up e l e c t r o d e s  t o  d e f l e c t i o n  c o i l s  i n  u n i t s  of  momentum/displace- 

ment. We have f o r  t h e  v e r t i c a l  PUE: d i f f e r e n t i a l  s e n s i t i v i t y  .08 vol t s /cm 
12 12 per  10 pro tons  and. f o r  t h e  h o r i z o n t a l  M .096 vo l t s / cm 10 1 5 .  Thus 

-5 BeV - 152 x BeV - - 
12 x ,08 ami! ' X  .54 x 10 .09G V x .65 x 55 

cm LO iijproponscinE cm x 10 * >  c 12-1: vo It c -amp !€I= 

where .65 i s  t h e  g a i n  of t h e  ca thode  fol lowes i n t o  180 0 and 

-5 E - - 181 x BE x .65 x 55 x .082 x .77 x 10, 12 v o l t  3 amp c cm 10 .  12 
v o l t . .  

c m  x 10 
% = .08 

12 The maximum damping ra te  a t  y = 1 . 7  and 5 x 10 protons i's 

- 
Be+ .371 x 10 6 J14.7 21.8 x 10 2 c m  = 3769 

181 x 10'.7. 
2 x 1.7 x .938,BeV/c c c m  see 

- - 

and I 

8 -1 - - 152 x 10-7 x .371 'X 10 J14.7 10.5 = 2197 s e c  DH 2 x .1.7 x .938 

The maximum observed v e r t i c a l  growth r a t e  i n  t h e  absence of damping 
-1 12 was x 500 s e c  a t  a y m 1.65 and an  i n t e n s i t y  > 6 x 10 

a damping r a t e  about  e i g h t  t i m e s  t h e  observed growth r a t e  s i n c e  both a re  

. Hence w e  have 

C 

sec. 
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d i r e c t l y  p ropor t iona l  t o  t h e  beam i n t e n s i t y .  

growth r a t e  when t h e  i n s t a b i l i t y  occurs  has  always been less t h a n  twice  

t h e l v e r t i c a l  va lue  a t  t h e  same i n t e n s i t y .  Thus t h e  h o r i z o n t a l  system g a i n  

i s  a l s o  q u i t e  adequate .  These growth r a t e s  are  f o r  t h e l ( 9 - v )  coupled 

bunch mode i n  both cases. 

In)  t h e  h o r i z o n t a l  p l a n e . t h e  

It should be nothd however t h a t  I'm", t h e  w i t h i n  
- -2 i 

t h e  bunch mode number i s  z e r o  f o r  t h e  v e r t i c a l  o s c i l l a t i o n s  and one f o r  - 

t h e  h o r i z o n t a l  due t o  t h e  much l a r g e r  va lue \ .of  5 = (dv/u)/  (dp/p), t h e  ..chrom- 

a t i c i t y ,  i n  t h e  h o r i z o n t a l  p lane  than  i n  t h e  v e r t i c a l  plane.  

Now le t  us f ind  t h e  maxtmum a a t  i n j e c t i o n  (y  = 1.213) f o r  and 

t h e  (9-u) component of  any i n i t i a l  displacement from t h e  equ i l ib r ium o r b i t .  

We o b t a i n  

2 4.7 x 21.8 x 10°gix 181 x . L O - ~  =,.0142 a = J L  2 x 1.213 x .938 

T h u s . i t  would t a k e  about  70 r e v o l u t i o n s  o r  M 340 'psec  f o r  t h e  (9-v) com- 

ponent t o  be.reduced t o  l / e r o f  i t s  i n i t i a l  va lue .  Th i s  i s  comparable t o  

t h e  s p i r a l i n g  t i m e  of  t h e  unacce lera ted  beam wi th  normal i. With m u l t i -  

t u r n  i n j e c t i o n  however success ive  r e v o l u t i o n s  w i l l  have d i f f e r e n t  phases of  + 

o s c i l l a t i o n  so  t h e r e  i s  no way t h a t  t h e  system can adequate ly  contro.1 i n -  

j e c t i o n  e r r o r s .  I n  gene ra l  t h e  system has n e g l i g i b l e  e f f e c t  a t  i n j e c t i o n  

and a l s o  a t  h igh  energy (due t o  t h e  l / y  term i n  D o r  a) so it i s  allowed 

t o  remain s e n s i t i v e  a t  a l l  t i m e s .  

Next l e t  us cons ider  how v v a r i e s  i n  t h e  AGS. For t h e  A-3, A-10. 
0 spacing w e  have 8 = 10.7 and T 2 125 nsec (100' .for t h e  cab le  and 25, f o r  

t h e  e l e c t r o n i c s )  f o r  t h e  feedback ' loop .  

D = 8.8 w e  o b t a i n  f o r  n = 9 a cp = 93.6 

quency i n  t h e  d i f f e r e n c e  s i g n a l  spectrum. I A t  v =.8 .6 ,  cp = 90.9 

1 2 0  kc  a s  t h e  p r i n c i p a l  frequencyrand f o r  sa = 8.9, ~p z 95 

mode frequency i s  30 kc.  The*lowes t  observed coherent , f requency*was  M 

13 kc  f o r  a y s s  1.3 and a D 8.94 f o r  which 96 . Thus w e  see t h a t  

f o r  t h e  n = 9 mode t h e r e  i s . n o  s i g n i f i c a n t  v a r i a t i o n  i n  cp over t h e  normal 

r ange .o f  AGS parameters.  

For y = 1 . 7  f o  % 300 kc and i f " : ,  
0 and 60 kc a s  t h e  p r i n c i p a l  f r e -  

0 w i t h  
0 a n d - t h e  n = 9 

0 

X 

I n  o rde r  t o  i n c l u d e . t h e  e f f e c t  of t h e  f i l t e r  on t h e  damping r a t e  w e  

must mult ip1y.K by (e-i 

f = In-v l fo .  

i s  Q, = ~p + arctanp(f/fc) = 103.6 

tan f / f c ) / & w ) 2  where f e ' 3 8 0  kc and 
C C 

Thus a t  60 kc t h e  g a i n  i s  s t i l l  maximum but  , t h e  t o t a l  .phase 
1 .> 

0 and s i n  13i, = .972 so  t h a t  t h e  damping 



. .  . .  
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r a t e  i s  e s s e n t i a l l y  t h e  same a s  quoted above. 

s i n @  z .95 whi le  t h e  ga in  K is  reduced by about 5% and t h e  o v e r a l l  damp- 

i n g  r a t e  b y w  lo”/,. 
c o n t r i b u t e  no s i g n i f i c a n t  phase l ag .  

For 120 kc @ = 108.4’ and 

A t  t h e s e  f r equenc ie s  t h e  damping c o i l s  and d r i v e r  
* 

- 
With t h e  system a s  desc r ibed  above adequate  damping was obta ined  a t  

During most of 1974 t h e  AGS 
12 i n t e n s i t i e s  up t o  NN 7 x 10 

was operated wi th  t h e  h o r i z o n t a l  tune  above t h e  v e r t i c a l  t une  from i n j e c -  

t i o n  u n t i l  y z 1.5. 

t h e  h o r i z o n t a l  damper could not  adequate ly  c o n t r o l  t h e  r e s u l t i n g  i n s t a b i l -  

i t y .  I n  e a r l y  1975 t h e  h o r i z o n t a l  t une  w a s  iowered t o  S 8.7 and t h e  ve r -  

t i c a l  w a s  kept  i n  t h e  r eg ion  of  8.8-8.9. Under t h e s e  cond i t ions  t h e  h o r i -  

z o n t a l  i n s t a b i l i t y  was e s s e n t i a l l y  absen t  a t  7 x 1 O I 2  but  above t h i s  va lue  

occas iona l  blow-up i n  t h e  v e r t i c a l  p lane  could occur .  This  was suppressed 

by programming t h e  v e r t i c a l  s ex tupo les  a t  about 6 A s t a r t i n g  10 t o  15 msec 

a f t e r  i n j e c t i o n .  With t h i s  combination i n t e n s i t i e s  of  9.8 x 10 were 

reached. It should be noted t h a t  t h e  above sex tupole  c u r r e n t  doubled t h e  

v e r t i c a l  chromat ic i ty  a t  y M 1.5 and decreased t h e  h o r i z o n t a l  va lue  M 25- 

30%. 

t h e s e  cond i t ions  but  t h e  damper was ab.1eVt.o suppress  i t  up t o  t h e  9.8 10 

i n t e n s i t y  peak achieved p r i o r  - t o  Pebruary.19, 1976.- 

p ro tons lpu l se .  

12 A t  t i m e s  v > 8.9 and a t  i n t e n s i t i e s  near  7 x 10 
X 

12 

12 The h o r i z o n t a l  i n s t a b i l i t y  r e t u r n s  a t  i n t e n s i t i e s  & 7 x10 under 
12 

- 
- _  

0bserva t ions .made  on t h e  n a t u r e  of  t h e  v e r t i c a l  blow-up dur ing  t h e  

rare  pu l ses  when it occurred ind ica t ed  t h a t  a s i g n i f i c a n t .  s i g n a l .  a t  t h e  

(9 -u  ) f requency was p re sen t ;wh ich ,g rew.wi th  t h e  i n s t a b i l i t y .  This  could 

a l s o  be seen  on t h e  envelope of a n  r f  d i f f e r e n c e  s i g n a l  showing t h e  i n d i -  

v i d u a l  bunches. 

coherence would occurc .on  every p u l s e  w i t h  a f a s t e r  growth r a t e  and s t a r t -  

i ng  c l o s e r  t o  t h e  i n j e c t i o n  energy. Th i s  behavior  a long  wi th  t h e  h igher  

i n t e n s i t y  needed f o r  t h e  growth t o  occurqsuggested t h a t  , i t  might be due t o  

t h e  damping system i t s e l f .  See Appendix C f o r  d i s c u s s i o n  o f s t h i s  po in t .  

I n  order  t o  t e s t  t h i s  p o s s i b i l i t y  t h e  response  of  t h e  loop was modified so 

as t o  g i v e  a 12  db pe r  oc tave  r o l l - o f f  f o r  f requencies  M 25 kc o r  g r e a t e r .  

The sense  of t h e  feedback: was  reversed3 because now tj? e n -t ep and t h e  

o v e r a l l  ga in  was changed so t h a t  1KI w a s  t h e  same a s  before  a t  M 42.7 kc.  

D e t a i l s  of  t h e a c h a n g e  are descr ibed  in-Appendix A. 

Y 

1t:should. be remarked t h a t  w i t h  t h e  damper..turned o f f ,  

I n  l a te  January  1976 this modif ica t ion  was t e s t e d  i n  t h e  v e r t i c a l  

loop..  It w a s  immediately apparent  t h a t  t h e  performance had been improved 
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12 ' s i n c e  i t  was p o s s i b l e  t o  o p e r a t e . a t  i n t e n s i t i e s  > 8 x 1 0 .  w i t h o u t + t h e  .sex- 

t u p o l e  ,program and without  any v e r t i c a l  blow up. 

s i t y  o f  1.03 x 
need of sex tupoles .  

Subsequently,  a n  i n t e n -  

was reached i n  e a r l y  February 1976 a g a i n  w i t h o u t % t h e  0 

Conclusion 

By p u t t i n g  i n  t h e  12  db/octave f i l t e r  t h e  ga in  f o r  hi.gher o rde r  modes 

i s  reduced so d r a s t i c a l l y  t h a t  any damping or -an t idamping  a c t i o n  by t h e  

system i s  n e g l i g i b l e .  Thus as t h e  AGS i n t e n s i t y  i n c r e a s e s  one s t i l l  might 

expect  growth i n  one of  t h e  h igher  o rde r  coupled bunchamodes o r  i n  case  of  
unequal bunch popula t ion ,  i n d i v i d u a l  .bunch i n s t a b i l i t i e s .  237 

I f  such i n s t a b i l i t i e s  6 . o ~  even tua l ly  occur a t  i n t e n s i t i e s  3 t hen  

somemminal c o n t r o l  i s  p o s s i b l e  us ing  t h e  sex tupoles  t o  vary t h e  chromati-  

c i t i e s ,  but  nothing 

An e n t i r e l y  new, system wi th  wide band e l e c t r o n i c s  ope ra t ing  on t h e ' i n d i v i d u a l  

bunches.would have t o  be employed. 

%her  can be expected' from t h e  p re sen t  damping system. 

I n  c l o s i n g  I should acknowledge t h e  inva luab le  a s s i s t a n c e  of  M r .  E.  G i l l  

i n  c a r r y i n g  out  t h i s  .work. 
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Appendix A 

The loop. response w a s  modified a s  fol lows.  For t h e  input  RC t o , t h e  

cathode fo l lowers  R was changed t o  401.IU-l and C . t o . 6 8  pp p1us . the .M 11 ppf 

shunt  capac i ty .  Thus wCiRi = 1 f o r  5 Kc and it was decided t o  c o n t r o l  t h e  

1ow.frequency response by making t h e  output  coupl ing  c a p a c i t o r  d r i v i n g  t h e  

te rmina ted  180 61 c a b l e  .176 , p f .  

( a l l  o t h e r  low frequency t i m e  c o n s t a n t s  being >> 31.7 psec ) .  

t h e n  can be w r i t t e n  as 

Th i s  a l s o  r e s u l t s  i n  wCcRc . =  1 a t  5 Kc 

The response 

where f c  = 5 Kc and 8 = n/2 - 2 ar&an,.(f/!ft:) where nega t ive  8 r e p r e s e n t s  

a phase l a g  andiA/2 i s  t h e  ga in  a t  fb , (M .36). Next t h e  pA 733 g a i n  was 

inc reased  t o  t h e  ,maximum.possible i . e .  FS 180 s i n g l e  ended. 

used as a combination d i f f e r e n t i a t 6 3 ,  i n t e g r a t o r ,  summing a m p l i f i e r .  I f . )  

w e  c a l l  %C 

= 31.7 psec wi th  %/Ri = t h e n  they  were chosen so  t h a t  %ci - RiDd - Tc 

10 .and F$, = . 3 9  K. = 820 p p f  f c  = 1/2rr7, 2 5Kc. 

we have f o r  t h e  ga in  of  t h i s  s t a g e  

C C 

Then t h e  46 J w a s  

t h e  . d i f f e r e n t i a t i o n  .elements and R C t h e  i n t e g r a t i o n  elements  D i i  - - 

With CD = 8200 ppf and C i 

where 8 i s  t h e  same as above and t h e s f a c t o r  of two comes from summing both 

ou tpu t s  of  t h e  733. Thus t h e .  t o t a l  g a i n  i s  M 

which a t  42 Kc i s  w 35.7 i . e .  t h e  nomina1,;low frequency g a i n  of t h e  pre-  

v ious  conf igu ra t ion .  A t  t h i s  frequency 28 = 152.8 of l a g  so  f o r  t h e , n  = 9 . 

m0de.y = .94 .4  

180 because t h e  sense  of t h e  feedback was reversed .  Thus the.damping r a t e  

f o r  42 Kc f s  M 92% of  t h e  maximum va lues  c a l c u l a t e d  ear l ie r .  It i s  obvious 

0 

0% 0 0 
and @ = - B O . . +  152.8 4 . 9 4 . 4  = 67.2 where w e  sub t r ac t ed  

0 
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how t h e  ga in  s c a l e s  wi th  f requency .but  l e t  us compare t h e  v a l u e  a t  3.6 MHz. 

w i t h  t h e  e a r l i e r  conf igu ra t ion .  We o b t a i n  M .005 f o r  t h i s  kombination vs  

3.75 f o r  t h e  previous f i l t e r .  D u e * t o  s t r a y  c a p a c i t i e s  t h i s  l a r g e  a reduc- 

t i o n  i s  not  achieved but  it i s  s t i l l  g r e a t e r  t han  two o r d e r s  of magnitude. 

e 
A s  a f i n a l  example, l e t  us  c a l c u l a t e  t h e  damping r a t e  a t  f = 13 Kc  f o r  

The ga in  lis 290 and 20 = 95.85' so t h a t  @ = 12.15' and s i n  t h e  n = 9 mode. 

Cp = .21 so t h e  damping r a t e  i s  .21 x 290/35.7 2 1 .71  l a r g e r  t h a n  t h e  maxi- 

mum c a l c u l a t e d  ear l ier .  Because of t h e  h igher  ga in  of  t h i s  system i n  t h e  

r eg ion  around 5 Kc,  c a r e  must be t aken  t o  minimize n o i s e  pick-up o r  genera- 

t i o n , ( b y  t h e  6922 tubes)  a t  t h e s e  . f requencies .  

F ina l ly lwe  should remark t h a t  because t h e  inpu t  RC to t h e  cathode 

fo l lowers  was inc reased  by a f a c t o r - , o f  M 70 t h e  high frequency components. 

of  t h e  inpu t  s i g n a L a r e  g r e a t l y  a t t e n u a t e d  so t h e r e  should be  no chance of  

ove rd r iv ing  them a t  i n t e n s i t i e s  much l a r g e r  t han  10 . This  r educ t ion  i s  

s o  g r e a t  t h a t  even though t h e  733 g a i n  was increased  somewhat t h e r e  seems 

t o  bec no f u r t h e r  need f o r  t h e  v a r i a b l e  a t t e n u a t o r s  a t  i t s  inpu t  s i n c e  any 

d i f f e r e n c e  s i g n a l  due . t o  an  o r b i t  e r r o r  w i l l  be  . n e g l i g i b l e .  A t  presents t h e  

above mod i f i ca t ion  has  been i n s t a l l e d  i n  both t h e  v e r t i c a l  and h o r i z o n t a l '  

damping loops.  

13 
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Appendix . B  

AGS.Div. Tech.. Note No,. 1: 

Orb i t  Bump. Due t o  Damping Coi l s :  

There i s  always a dc currentn*tflowing i n  t h e  two-turn d e f l e c t i n g  c o i l s  
4 of  M 130 mA. The r e s u l t i n g  o r b i t i d e f l e c t i o n  i s  given by 

where C+I = rds/Pu. 

w e  can w r i t e  

For ou r . two- tu rn  coi’l of  length..& centered  ab0ut.Y = 0 .  

-&/2 

where Bp i s  t h e  momentum of t h e  pro tons  and AB t h e  f i e l d  due t o  t h e , c o i l . > l *  

A t  200 MeV Bp = 2.15. x 10 

233-cm. 

of  t h e  c o i l  :,= R / p  so t h a t  

3 Kg c m  .and f o r .  t h e  v e r t i c a l  d e f l e c t i n g  c o i l  = 

- AB = .,11 gauss/amp and f o r  $ w e  t a k e  t h e  average-value a t  t h e  centel.: - 0 ’ -  

If vv m n / 2  thenbwe  c a n , b e  c l o s e  t o  a p 
o b t a i n  

z 22 meters v e r t i c a l l y  and w e  
Itlax 

-4 -3 x 1.55 x 10 cm = - 1.4 x 10, c m ’  

l 
and, of  course,  somewhat less. f o r . t h e  h o r i z o n t a l  c o i l .  
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Appendix. C 

A s  mentioned earlier, when a bunched beam o s c i l l a t e s  i n  t h e  coupled 

bunch mode n t h e r e  w i l l *  be  p re sen t  i n  t h e  d i f f e r e n c e  s i g n a l  spectrum t h e  

f requencies  (n-u-) f 

upon t h e  bunch width. The relative ampli tudes of t h e s e  l i n e s  w i l l ,  a l s o  

depend upon "m", rbhe WithiniLthe bunch mode number, and. t h e  frequency 

f -=-e j- f o / q  where 1 = ytr - y-2.2 We should . a l s o  n o t e . t h a t  t h e s e  

f requencies  are t o  be considered negat ive  o r  p o s i t i v e  depending upon 

whether t h e  wave v e l o c i t y  R[Mrf (nr , ) ]  O7b/[M+ n] e t c .  i s  less than  o r  

g r e a t e r  t han  t h e  p a r t i c l e  v e l o c i t y  '0 R.2 For .M bunches t h e r e  are only 

M d i s t i n c t  coupled bunch modes n = 0,1,  (M-l)tiand 2rrn/M i s  t h e  phase 

d i f f e r e n c e  between bunches. 

[M f (n-u)] *fo,  [2M & (n-u)] f o s  etc. depending 
Os 

-2- 
- 5  

0 

Now, so  far  w e  have considered only t h e . 1 0 0 ~  .response a t  t h e  lowest 

frequency l i n e  f o r  t h e . n  = 9 coupled bunch mode. The damping rates cal-  

cu la t ed  previous ly  are  only v a l i d  f o r  a DC beam o r  one t h a t  i s  not only 

t i g h l y  bunched andp4for which 5 0. Nei ther  of t h e s e  cond i t ions  prevai.1 

i n  t h e  AGS p a r t i c u l a r l y  i n  thef  reg ion  of y = 1.5 - 1.7 where v e r t i c a l  

growth could occur wi th  t h e  damper a c t i v e .  I n  order  t o  c a l c u l a t e  t h e  

damping , ra te  f o r  ithe bunched beam w e  need t h e  loop response a t  (21-u)f 

(3 ty ) f0 ,  (33-v)fo and (15-lu)f s i n c e  t h e s e  f requencies  w i l l  be present  

i n  t h e  spectrum of t h e  d i f f e r e n c e  s i g n a l  f o r  t h e  "m=O" w i t h i n  t h e  bunch 

mode. 

= 3.66 MHz a id = 224.7 + 83.9 + 11 - 159.3 = 160.3'. 

t h e  f i l t e r  ga in  i s  0.1 a t  t h i s  frequency t h e  nominal damping r a t e  i s  .039 

t h a t  of t h e  maximum low frequency va lue .  

and ifi =.32 .1  + 84 + 11 - 162 = -34.9 and s i n  8 = -.572 which.means antidamping. 

The f i l t e r  ga in  i s  .11 h e r e  s o  t h e  ra te  i s  -.063 t i m e s  t h e  low frequency va lue .  

We have . inc luded  he re  11 of l a g  due t o  t h e  c o i l  and d r i v e r  i n  c a l c u l a t i n g  

t h e l a ' s .  

a d d i t i o n  t o  t h e  f a c t o r  of two reduct ion  from t h e  f i l t e r  t h e s e  f requencies  

are w e l l  above t h e  s e l f  resonant* frequency of t h e  c o i l  ( M  4.4 MHz) and most 

of t h e  c u r r e n t  w i l l  be shunted b y , t h e  s t r a y  capac i ty .  

0' 

0 

2 
Assuming as be fo re  t h a t  y = 3.7 and v = 8.8 w e  o b t a i n  f o r  f = 12.2 f o  

Since s i n  ih = .337'and 

For  n = 3 ,  f = 11.8 f o  = 3.54 MHz 
0 

0 

ThenIsystem response a t  23.8 & 24.2 f i s  n e g l i g i b l e . s i n c e  i n  
0 
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e 

I n  c a l c u l a t i n g  t h e  e f f e c t i v e  damping rate w e  proceed i n  a manner 

similar t o  t h a t  used i n  R e f .  2 f o r  o b t a i n i n g  t h e  growth ra te  f o r  a bunched 

beam due t o  t h e  res is t ive wal l ' impedance .  

over  t h e . b u n c h  spectrum w i t h  t h e  v a l u e  a t  each  l i n e  weighted by t h e  s q u a r e  

of t h e  a m p l i t u d e  (hence t h e  energy)  

'I 

That  i s  w e  sum t h e  loop  r e s p o n s e .  

X D Q f ) h  (f - f )  

C h ( f  - f5)  n o n  

D = n  n o # n  
0 

where h (14) = -1 p " o o ( f ) d 1 2  and 

c h a r g e  motion f o r  t h e  m = 0 mode. 

i s  t h e  F o u r i e r  t r a n s f o r m  of t h e  c e n t e r  o f '  
0 '.I 0 

It can  b e  w r i t t e n  as 

where :IT i s  t h e  bunch-rlength. The f r e q u e n c i e s  f are j u s t  t h e  f i v e  l i n e s  

mentioned above.where t h o s e  f o r  n = 9 ,  21,133 are  c o n s i d e r e d  n e g a t i v e  i n  

e v a l u a t i n g  h and t h o s e  f o r  p t =  3 ,  15 are c o n s i d e r e d  p o s i t i v e .  With 'Ir M 
0 '  s t .  

.140 p s e c ,  f @k3.~63MHz~~:ar@ f = 300 ukc w e  o b t a i n  f o r  ch 9.88 and f o r  
* 0 0 

t h e  numerator D (2.5 - 4 X .063 f .44 X .034) = 2.26 D where D i s  t h e l  
V V V 

maximum low f requency  damping ra te  c a l c u l a t e d  p r e v i o u s l y .  

effect ive damping rate of t h e  loop  f o r  t h e  n = 9 coupled bunch mode (m = 0 ) .  

f o r  t h e  parameters  chosen i s  M .23 D 

ra te  f o r  t h e  g a i n  quoted above. 

l i n e  r e s u l t s  i n . o n l y  a 10% r e d u c t i o n  of t h e  t o t a l .  T h i s  rate w i l l  n o t  be 

s i g n i f i c a n t l y  d i f f e r e n t  a t  lower v a l u e s  of y where a s l i g h t l y  l a r g e r  v a l u e  

i s  expec ted  .I 

C i  n 

Hence t h e  

o r  less t h a n  twice t h e l o b s e r v e d  growth 
V 

We see t h a t  t h e  ant idamping f o r  t h e  n = 3 

12 
S i n c e  t h e  system f u n c t i o n e d  s a t i s f a c t o r i l y i b b e l o w  7 X 101, p r o t o n s / p u l s e  

and, i t s  g a i n  i s  H t o  i n t e n s i t y  as i s  t h e  res is t ive w a l l ' g r o w t h  ra te , (  one 

cannot  e x p l a i n  t h e  anomalous growth of t h e  n = 9 coupled bunch mode i n  t h e  

range  of y = 1.5 - 1.7 i f  t h e  t h r e s h o l d  f o r  t h e . i n s t a b i l i t y  a t  t h e s e  e n e r g i e s  

i s  t h e  s a m e . f o r  t h e c r a n g e  0 f . y  = 1.25 -~ '1 .5 .  However, i f  t h i s  i s  n o t  t h e  

case, t h e n  t h e  s l i g h t  expec ted  d i f f e r e n c e  i n  damping ra te  noted  above when 

t h e  s a f e t y  margin i s  less t h a n  two m i g h t . b e  a n  e x p l a n a t i o n  f o r  t h e  o c c a s i o n a l  

growth of t h i s  mode. 

ra te  and t h r e s h o l d  measurements would.have t o  b e  made.by t u r n i n g  t h e  damper 

o f f  a t  d i f f e r e n t  v a l u e s  of y. 

I n  o r d e r  t o  s e t t l e  t h i s  q u e s t i o n ,  a series of growth 
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F i n a l l y ,  i t  should be remarked t h a t  t h e  increased  v e r t i c a l  chroma- 

t i c i t y  produced by t h e  v e r t i c a l  sex tupoles  w a s  such as t o  reduce t h e  

growth rate f o r  t h e  m = 0 mode. Th i s ,  of course ,  i n c r e a s e s  f and 

hence reduces f u r t h e r  t h e  e f f e c t i v e  damping rate. The loop response 

mod i f i ca t ions  d iscussed  i n  Appendix A leaves  only one t e r m  i n  t h e  sum 

of.. t h e  numerator f o r  D . but  makes i t s  magnitude much more dependent 

upon t h e  va lue  of I (9-19) f . 

5 

0 

0 
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